We numerically model the dissociation dynamics of the noble-gas dimer ions He (2013)], for all noble-gas dimers for appropriate wavelength combinations. This striking phenomenon can be explained by the dissociation of dimer ions on dipole-coupled Born-Oppenheimer adiabatic potential curves. Comparing pump-probe-pulse-delay-dependent kinetic-energy-release spectra for different noble-gas dimer cations of increasing mass, we discuss increasingly prominent (i) fine-structure effects in and (ii) classical aspects of the nuclear vibrational motion.
I. INTRODUCTION
Advances in laser technology made it possible to control and image the nuclear wave-packet dynamics of diatomic molecules in real time [1, 2] . In particular, pump-probespectroscopic imaging is being employed to trace the nuclear motion in both the smallest diatomic molecules, H 2 and D 2 [3] [4] [5] [6] , and heavier diatomic molecules, such as O 2 , N 2 , and CO [7] [8] [9] , most recently including XUV-pump-XUVprobe experiments at free-electron laser facilities [10, 11] . In these experiments the pump pulse primarily ionizes the neutral molecule while a delayed probe pulse dissociates the molecular ion, revealing the nuclear dynamics in the bound and dissociating molecular ions through pump-probe-delaydependent kinetic-energy-release (KER) spectra.
Noble-gas dimers are more weakly bound and have much larger vibrational periods than the diatomic molecules mentioned above. Dissociation energies of neutral noble-gas dimers (X 2 ) are in the 1-25 meV range, orders of magnitude below the dissociation energy of the corresponding dimer cations X + 2 ( Table I ). The vibrational periods of the dimer cations in their electronic ground states are of the order of hundreds of femtoseconds, an order of magnitude larger than those of H 2 + , O 2 + , N 2 + , and CO + (Table II) . Another characteristic feature of all noble-gas dimers is that the equilibrium distance of the neutral dimer is larger than for the dimer ion. Dimer ions therefore contract upon photoionization of the neutral parent molecule, before the molecular-ion nuclear wave packet reflects at the inner turning point of its adiabatic molecular state (Figs. 1-3 ). These features, especially the comparatively slow nuclear motion, make noble-gas dimers and their cations very attractive targets for the detailed investigation of their bound and dissociative nuclear dynamics in pump-probe experiments. Such investigations are of relevance for modeling of the larger clusters [12] . Neutral noble-gas dimers are metastable but can be used in pump-probe experiments if cooled [13] .
In this work we study the dissociative ionization of noblegas dimers X 2 (X = He, Ne, Ar, Kr, and Xe) by numerical simulation and analysis of KER spectra as a function of the pump-probe-pulse delay. Of particular interest to this study is to find out whether the "delay gap" in measured and calculated KER spectra for Ar 2 dimer cations [14] can also be observed in other noble-gas dimers and explained within the same two-color "pump-dump" mechanism. This paper is organized as follows. Section II explains our numerical model. Numerical results are presented and analyzed in Sec. III. In particular, in Sec. III A we discuss results for the nuclear dynamics on a single adiabatic potential curve of each dimer cation. Classical and quantum aspects of the dissociation process are examined in Sec. III B. KER spectra resulting from calculations that include dipole-coupled adiabatic molecular curves of the cations, with and without including electronic fine structure, are shown and discussed in Sec. III C, followed by a brief summary in Sec. IV. Throughout this work we use atomic units unless indicated otherwise.
II. MODEL
Using a pump-probe sequence of intense laser pulses, the nuclear motion in X 2 + can be traced in KER spectra as a function of the delay between the two pulses. Figure 1 shows the pump-probe process schematically, where the pump pulse singly ionizes an X 2 dimer. The delayed probe pulse has a different wavelength than the pump pulse and dissociates the ionized dimer (X 2 + → X + X + ). Several dissociation paths are possible, depending on the central wavelength of the laser pulses. After ionization of the neutral dimer, the cation nuclear wave packet starts moving inward from point A on the lowest X 2 + adiabatic potential curve V 1 [corresponding to either the X 2 + electronic state 2 + u without including or I (1/2) u including spin-orbit (SO) couplings (fine structure)] to the one-photon crossing points B (ω 1 ) and C (ω 2 ), where it may undergo a laser-induced transition to an excited adiabatic electronic state with potential curve
The cation subsequently dissociates along the excited-state potential curve, leading to two distinct energy bands in the KER spectra for the paths ABE and ACD.
We perform two kinds of calculations. We first conduct single-cation-curve calculations, in order to identify and characterize the oscillatory motion of the nuclear wave packet in either the 2 + u or I (1/2) u bound adiabatic electronic state of X + 2 . Calculating the nuclear wave-packet probability density as a function of propagation time and internuclear distance R, we obtain wave-packet revival times [15] and oscillation periods in a given adiabatic molecular state [8] . Our Crank-Nicholson split-operator nuclear wave-packet propagation calculations [8, 16] were done with time steps t = 1, equidistant spacings R = 0.01 of the internucleardistance grid, and a numerical-grid length of R max = 100 (excluding the absorber length). In order to prevent unphysical reflections at the end of the numerical grid, we included an absorber [16] that covers a grid length of 10 a.u. In a second, improved set of calculations we allow for dipole coupling of cation states in the electronic fields of the pump and probe laser. These calculations were done with a numerical-grid length of R max = 330 (excluding an absorber with a length of 20 a.u.), and the same grid spacing and time steps as for the single-cation-curve calculation. All KERs were calculated for a pump-probe delay range between 0 and 800 fs.
The adiabatic molecular potential energy curves used in our calculations are shown in Fig. 2 without including SO couplings and in Fig. 3 including SO couplings [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . The dipole coupling matrix elements between the I (1/2) u and I I (1/2) g ( 2 + u and
2 states for calculations that include (do not include) SO couplings, were taken from Refs. [19, 24, 27, 28] . He 2 is the weakest bound noble-gas dimer with a dissociation energy of ∼1 meV. It is the only noble-gas dimer for which the two lowest cation states are not SO split. The SO splitting for the low-lying states of He + 2 is absent because it only has σ electrons [30] .
A. Single-cation-curve calculation
In this section we allow the cation nuclear vibrational wave packet to freely propagate on the lowest adiabatic potential curves V 1 (R) of the dimer cation X [28] ). We can, therefore, neglect the rotation of the dimer and solve the time-dependent Schrödinger equation (TDSE) for the vibrational nuclear motion,
where
is the kinetic energy operator for the relative motion of the two nuclei with individual mass M.
Starting with the neutral dimer (X 2 ) in the ground state, we first modeled the creation of the initial X + 2 vibrational wave packet by the pump pulse in Frank-Condon (FC) approximation [30] [31] [32] . In an attempt to more "realistically" describe the ionization process, we performed comparative calculations modeling the ionization in the pump pulse based on molecular Ammosov-Delone-Krainov (ADK) ionization rates ADK [16, 33] . We obtained almost identical numerical results for modeling the ionization step in FC approximation and with ADK rates, very small quantitative differences being irrelevant for the discussion and conclusion reached in this work. All numerical results shown in this paper are derived with ADK rates. We solve (1) numerically for the initial vibrational wave packet in the dimer cation
that can be viewed as coherent superposition of vibrational states ϕ 1,ν in the adiabatic potential V 1 (R) with amplitudes a 1,ν = ϕ 1,ν | gr (R,t = 0) , where gr (R,t = 0) is the ground state of the neutral dimer. Time propagation of (1) subject to the initial condition (2) results in the (laser-electric) field-free time-dependent nuclear vibrational wave function
where ω 1,ν is the vibrational energy in state ϕ 1,ν . Examining the nuclear probability density
as a function of the propagation time t in V 1 (R) allows us to identify oscillation periods and revival times [9, 15] .
B. Dipole-coupled calculations
Ionization of the neutral dimer by the pump and probe pulses launches vibrational wave packets 1 2 excited state by ionization of X 2 leads to immediate dissociation and merely accounts for a delay-independent increase of the KER yield at KERs between 1 and 2 eV in the KER spectra discussed below. The subsequent motion of this initial nuclear wave packet 2 (R) on the repulsive curve V 2 (R) is thus of minor relevance for our investigation. In our numerical simulations we therefore assume that the ionization step exclusively populates the binding X [17, 18] ) and the two lowest states of He (from [21, 23] ). (c) Ground state of Ar 2 (from [22] ) and the two lowest states of Ar + 2 (from [22] [23] [24] with V 1 and V 2 . Including the two lowest states of the X + 2 dimer, we write the TDSE for this ionization-triggered process as
gr is a ground-state vibrational wave function obtained by imaginary time propagation in the ground state V gr of X 2 . D ij = E(t)d ij , d ij = i |R| j are transition dipole matrix elements between two cation adiabatic electronic states. The combined external electric field E(t) of the pump and probe pulse is
The pump (probe) pulse is assumed to have a Gaussian envelope with electric field amplitude E 01 (E 02 ), frequency ω 1 (ω 2 ), and pulse length L 1 (L 2 ). The pulse lengths correspond to the full temporal width at half maximum of the pulse intensities.
After the probe pulse has passed, the wave packet is allowed to freely propagate for a sufficiently long time (500 fs). This allows the nuclear wave packet to completely enter the region R > R 1 where its bound part becomes separable from its dissociating part. We find the distance R 1 = 10 adequate to separate the bound from the dissociating nuclear motion and designate the dissociating part of the nuclear wave functions as diss i (Fig. 4) [34] . In order to determine the KER spectrum of the molecular ion, we Fourier transform the dissociating parts of the nuclear wave packet over the interval [R 1 ,R max ] to obtain the momentum representations
The distribution of the X + fragment energies as a function of the delay can then be written as where E = P 2 /(2M) is the energy release and P is the final momentum per fragment. The total KER is twice E.
III. RESULTS AND DISCUSSION

A. Single-cation-curve calculations
We first discuss our numerical results for single-cationcurve calculations for the nuclear motion in X + 2 dimers on I (1/2) u potential curves, i.e., including SO coupling [7, 8, 31] . The probability density (4) of the freely propagated vibrational wave packet in the I (1/2) u state of Ne Fig. 5(a) ]. Table I summarizes some of the characteristic parameters of the noble-gas dimers and their cations, such as the SO splitting, reduced mass (M/2), ionization and dissociation energies, ground-state equilibrium distances, and the width of the ground-state probability densities as obtained from our calculations. 2 , indicating that heavier dimers more closely resemble classical particles, in compliance with the correspondence principle. In addition, the vibrational ground states of heavier dimers are more localized. For example, the ground-state probability density has a width of 0.5 a.u. for Xe 2 and ∼15 a.u. for He 2 .
In order to quantify the "classical" character of the nuclear motion in X + 2 cations, Fig. 6 compiles the calculated position and momentum variances R 2 = R 2 − R 2 and P 2 = P 2 − P 2 , respectively, and the uncertainty product R P for the I (1/2) u state as a function of time in units of the respective revival times. As shown in this figure and in the last colomn of Table II, the position variance in the I (1/2) u state can be more than one order of magnitude less for Xe Table II , we calculated R 2 after a propagation time of one vibrational oscillation period T osc past the center of the pump pulse. The position variance oscillations are consistent with the wave-packet oscillations in the I (1/2) u states (cf. Fig. 5 ) and have pronounced minima at the revival times (corresponding to t/T rev = 1 in Fig. 6 ). As the mass of the dimer increases, the minima become more distinctive. The same increase in classical character of the nuclear motion with increasing dimer mass is seen in the momentum variance and uncertainty product (middle and right column of Fig. 6 , respectively).
C. Dipole-coupled calculations
The distinctive delay gap observed in KER spectra for Ar + 2 , with 800 and 1400 nm pump and probe pulses of 80 fs pulse length and 10 14 W/cm 2 peak intensity is reproduced in our model calculations that include the dipole-coupled I (1/2) u and I I (1/2) g states of the dimer cation [14] . It is of interest to see whether this particular feature of the delay-dependent Ar
KER spectrum is also present for other noble-gas dimers and 013413-5
FIG. 6. Position variance ( R)
2 , momentum variance ( P ) 2 , and uncertainty product R P as functions of time scaled with the respective revival times for Ne whether it has the same explanation. In this section we discuss calculations for X + 2 molecular cations based on adiabatic potential curves that either disregard or include SO coupling. The term "energy band" used in the discussion below refers to the classically calculated expected KERs for one-photon dissociation and photon energies ω 1 and ω 2 (Table III) . The classical estimates for the KER are obtained by approximating the nuclear dynamics as the motion of a point particle of reduced mass (M/2) on a given adiabatic potential curve of the dimer cations [9] .
KER spectra as a function of internuclear distance and pump-probe delay for calculations that include the dipole coupling in the pump and probe pulses of the states X Fig. 7 . The parameters for the pump (probe) pulse used are 800 (1400) nm wavelength, 80 fs pulse length, and a peak intensity of 10 14 W/cm 2 , as in the experiment with Ar 2 [14] . The oscillating structures visible for the energy bands on both the negative (1400 nm pump) and positive (800 nm pump) delay side correspond to wave-packet (Table II) . The KER spectra reveal two separate energy bands that correspond to dissociation paths with two distinct avoided one-photon crossings for the 800 and 1400 nm pulses (see also Fig. 1 ). The delay gap in the upper energy band discussed in [14] occurs for positive delays only and extends over a delay range of the order of ∼150 fs in the KER spectra of He Starting at negative delays, the main features of the KER spectra in Fig. 7 have the following interpretation. The 1400 nm pump pulse promotes part of the vibrational wave packet from the 2 + u state to the 2 + g state corresponding to a transition from point B to point E in Fig. 1 . Subsequent dissociation by part of the nuclear wave packet along the upper molecular potential curve of the cation (labeled as V 2 in Fig. 1 ) yields the lower energy band in the KER spectra with energy releases in the 0.1-1.0 eV range. The remainder of the wave packet continues moving inward in the 2 + u state until the 800 nm probe pulse couples it to the 2 + g state (transition from point C to point D in Fig. 1) , resulting in the upper energy band in the KER spectra with energy releases in the 1.0-1.9 eV range. For positive delays the pump-probe sequence is reversed. The 800 nm pulse pumps the wave packet from the ground state of X 2 to excited X + 2 states. Subsequently, the 1400 nm probe pulse couples part of the wave packet into the excited X + 2 ( 2 + g ) state (transition from point B to point E in Fig. 1 ), leading to the lower energy bands in the KER spectra in Fig. 7 . Subsequently, part of the wave packet is coupled from the lower X ) state by the 800 nm pump pulse (transition from point C to point D in Fig. 1 ). In general, this one-photon coupling to point D in Fig. 1 results in dissociation with KERs in the higher energy band. However, the 1400 nm probe pulse may couple the wave packet back down to the 2 + u state (transition from point E to point B in Fig. 1 ), leading to the delay gap in the KER spectra. This happens for He . If the 1400 nm probe pulse arrives after the dissociating wave packet has passed this 1400 nm avoided crossing, down-conversion is no longer possible, and KERs within the higher energy band again occur. For Xe + 2 the classical time (87 fs) the cation needs to expand its internuclear distance from point A to point C on the 2 + u potential curve in Fig. 1 , is larger than the pulse length (80 fs), explaining the absence of a continuous, delay-independent upper KER band for positive delays in Fig. 7(e) (Table IV) . Figure 8 summarizes our dipole-coupled calculations with the I (1/2) u and I I (1/2) g states of the cations, including SO coupling. We used the same pulse parameters as in the calculations shown in Fig. 7 . The delay gap is reproduced in these calculations for He (Table III) . According to the expected KERs in Table III, (Table III) . This lowering of the KER bands is most pronounced for the heavier dimers. It is an expression of fine-structure effects, as the width and depth of the I (1/2) u and the slope of I I (1/2) g potential curves differ from the 2 + u and 2 + g potential curves due to SO coupling (cf. Figs. 2 and 3) .
For Kr allow for both lower and upper KER bands (Fig. 9 ). For this wavelength combination the double-banded energy structure at positive delays is not visible for the same reason as for the calculations excluding SO coupling in Fig. 7 . For the shorter wavelength combination, the delay gap is present. We tentatively interpret it as we did for the lighter dimer cations [cf. Figs. 7(a)-7(c) and 8(a)-8(c)]. For Kr + 2 , the classically estimated time (79 fs) the wave-packet center needs to reach point C in Fig. 1 is about equal to the pulse length (80 fs). This travel time, however, is barely short enough for the wave packet to reach point C during the pump pulse. This may be seen as weak evidence for the delay gap at positive delays in Kr + 2 being due to the same mechanism that operates in the lighter dimer cations. For Xe + 2 the pulse length is shorter than the time (103 fs) the wave packet needs to transit from point A to point C (Fig. 1, Table IV ). At the time the wave packet reaches point C (i.e., the 500 nm crossing), the pump pulse is gone, explaining the absence of a KER band near 0.9 eV. Instead, the KER in Fig. 9 (b) appears to simply portray wave-packet oscillations with a period of ∼530 fs.
IV. SUMMARY
We have investigated the dissociation dynamics in noblegas dimers in two laser pulses of different wavelengths. The delay gap on the positive delay side in the KER spectra, observed previously for the Ar + 2 dimer, is also present for He + 2 and Ne + 2 dimers. This striking feature can be explained within a wave-packet propagation model that describes the motion of vibrational cation nuclear packets on two adiabatic potential curves that become dipole coupled in the laser pulses. For Kr + 2 and Xe + 2 dimers the observed delay gap is tentatively explained with the same mechanism. Our study of the variances and uncertainty products reveals increasing classical characteristics of the nuclear wave-packet motion for increasingly massive dimers. In addition, we found that fine-structure effects become noticeable and eventually crucial (for Kr + 2 and Xe + 2 ) in KER spectra as the mass of the dimer increases.
